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 ABSTRACT 
 The objective of this study was to evaluate the as-
sociation between uterine disease and indicators of 
neutrophil (PMN) and systemic energy status in dairy 
cows. Peripheral blood (120 mL) was collected weekly 
from 84 Holstein cows for PMN isolation and plasma 
collection from calving until 42 d in milk (DIM). The 
final analysis included 80 cows. Of those, 20 cows were 
classified as having metritis (fetid uterine discharge 
and fever), 15 as having subclinical endometritis (SCE; 
≥10% PMN on uterine cytology), and 45 as healthy 
controls. Plasma haptoglobin concentration was in-
creased only in cows that developed metritis. Neutro-
phil glycogen content was reduced in cows developing 
metritis compared with healthy cows on the day of 
calving and at 7 and 42 DIM. Cows with SCE had lower 
PMN glycogen content than healthy cows at 7, 28, and 
42 DIM. Blood glucose was affected by disease status 
within parity. Primiparous metritis cows had greater 
blood glucose concentrations than healthy primiparous 
cows. Multiparous metritis cows tended to have lower 
blood glucose concentration than multiparous SCE 
cows. Cows that developed metritis and SCE had or 
tended to have greater NEFA and BHBA than healthy 
cows, mainly around calving. At calving, cows that de-
veloped metritis had higher plasma estradiol concentra-
tion than healthy cows and greater plasma cortisol than 
cows that had SCE. Plasma insulin was not affected. 
Plasma glucagon was increased for SCE cows. Cows 
that developed uterine disease experienced a greater 
degree of negative energy balance and had decreased 
lower intracellular PMN glycogen levels, which could 
be a major predisposing factor for disease because of 
decreased availability of oxidative fuels. 
 Key words:   metritis ,  glycogen ,  energy balance ,  dairy 
cow 
 INTRODUCTION 
 During transition to lactation, dairy cows undergo 
a period of negative energy balance in which the en-
ergy consumed does not meet the energy demands for 
growth, maintenance, and milk production (Butler et 
al., 1981; Doepel et al., 2002). This period is character-
ized by a decrease in DMI, leading to a sharp decrease 
in glucose and an increase in body fat mobilization 
in the form of NEFA and resulting in accumulation 
of products of incomplete oxidation of NEFA such as 
BHBA (Vazquez-Añon et al., 1994). 
 Neutrophils (polymorphonuclear neutrophils, PMN) 
are the main leukocyte type involved in bacterial clear-
ance after uterine infection (Hussain, 1989; Gilbert 
et al., 2007). However, during the period of negative 
energy balance, dairy cows experience a reduction in 
PMN function, including reduced killing capacity (Keh-
rli and Goff, 1989; Gilbert et al., 1993; Cai et al., 1994). 
In fact, multiparous cows that develop uterine disease 
have more pronounced decreases in DMI, increases in 
NEFA and BHBA, and decreases in blood PMN killing 
ability (Hammon et al., 2006) and phagocytosis (Kim 
et al., 2005). 
 Whereas plasma NEFA (Hammon et al., 2006) and 
BHBA (Suriyasathaporn et al., 2000) are associated with 
PMN function, PMN depend mainly on glucose uptake 
and glycolysis for the energy required for chemotaxis, 
but almost exclusively on glycogen stores for phagocy-
tosis and microbial killing even in the presence of ex-
tracellular glucose (Kuehl and Egan, 1980; Borregaard 
and Herlin, 1982; Weisdorf et al., 1982a,b). Therefore, 
it is possible that the low glucose levels observed during 
the transition to lactation (Vazquez-Añon et al., 1994) 
could directly impair PMN chemotaxis and could lead 
to decreased PMN glycogen stores, thereby impairing 
phagocytic and killing capability and predisposing af-
fected cows to disease. 
 Glycogen storage disease in humans, a condition char-
acterized by the inability of cells including leukocytes 
to process intracellular glucose (Kim et al., 2006), leads 
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to defects in neutrophil respiratory burst, chemotaxis, 
and calcium influx in response to bacterial stimulation. 
Moreover, in an experimental model of peritoneal in-
flammation, macrophage production of chemokines and 
peritoneal PMN accumulation were decreased in mice 
with glycogen storage disease (Kim et al., 2006).
Therefore, we hypothesized that lactating dairy cows 
that develop uterine disease would have lower glucose, 
or decreased PMN glycogen stores, or both, in early 
lactation compared with healthy cows. The objective 
was to compare plasma glucose, intracellular PMN gly-
cogen concentration, and indicators of energy balance 
(NEFA and BHBA) in cows that develop uterine disease 
and healthy cows in the first 42 DIM. Because glucose 
can be increased on the day of calving in response to 
cortisol, and glucose homeostasis is controlled mainly 
by insulin and glucagon, those hormones were also 
evaluated. Because estradiol is believed to affect PMN 
function negatively, this hormone was also evaluated. 
Because milk production can deplete blood glucose in 
early lactation, milk yield was evaluated.
MATERIALS AND METHODS
Animals, Housing, and Feeding
Eighty-four cows (38 primiparous and 46 multipa-
rous) from a commercial Holstein dairy farm located 
in Cayuga County, New York, were enrolled in the 
study at calving, from April to November of 2007. A 
physical exam was performed at calving and only cows 
appearing healthy were enrolled. Cows that had uterine 
prolapse or cesarean section or were severely lame were 
not enrolled. The herd had 3,000 milking cows and the 
rolling herd average was about 12,000 kg of milk. Prim-
iparous and multiparous cows were housed separately 
in freestall facilities. Cows were moved to far-off pens 
60 d before expected calving date and moved to close-
up pens 21 d before expected calving date. Cows were 
moved to calving pens that would hold up to 5 cows 3 
d before expected calving or when imminent signs of 
calving such as exposure of fetal membranes appeared. 
After calving, cows were milked and then transferred 
to fresh-cow pens, where they stayed for about 30 d, 
and were subsequently moved to a mid-lactation pen 
for the remainder of the experiment. Lactating cows 
were milked 3 times daily and were fed the same TMR 
formulated to meet or exceed the NRC (2001) nutrient 
requirements for lactating Holstein cows weighing 680 
kg and producing 45 kg of 3.5% FCM twice daily.
Sample Collection
All cows had 120 mL of blood collected weekly from 
the jugular vein, using two 60-mL syringes with 3 mL 
of 0.5 M EDTA each and a 12-gauge needle, from the 
day of calving until 42 DIM. For blood collection, cows 
had their head locked into headlock stanchions and tied 
to one side using a halter; the hair over the jugular vein 
was clipped and the skin was disinfected using iodine 
solution. The side of blood collection was alternated 
each week to prevent phlebitis. Blood was collected 
immediately after the morning milking. At the time 
of blood collection, body condition was scored using a 
5-point (1 = thin to 5 = fat) system (Ferguson et al., 
1994).
Glycogen, Glucose, Hormones,  
and Other Metabolites
After blood collection, syringes were gently inverted 10 
times to allow thorough mixing with EDTA, blood glu-
cose was measured using a portable glucometer (Accu- 
Check Active, Roche Diagnostics, Indianapolis, IN), 
and the syringes were placed on ice and transported 
to the laboratory within 4 h. To validate the use of 
the glucometer for dairy cows, we compared the results 
from the glucometer with those of a biochemistry ana-
lyzer (BioAnalyzer model 7100, YSI-Life Sciences, Yel-
low Springs, OH) using EDTA plasma samples from 51 
lactating cows from the Cornell University dairy herd. 
Figure 1a shows a Passing–Bablok correlation plot be-
tween concentrations measured by the BioAnalyzer and 
the glucometer. According to the Cusum test, there 
was no significant deviation from linearity (P > 0.1), 
indicating that a linear model fits the data. Pearson 
correlation coefficient was 0.82 (P < 0.001). Regres-
sion analysis of the data yielded the following equations 
(95% CI are shown in parentheses): glucometer glucose 
= −0.96 (−2.10 to −0.04) + 1.43 (1.14 to 1.77) × Bio-
analyzer glucose. The intercept 95% confidence interval 
did not include 0, indicating that both methods differ 
at least by a constant amount (bias), and the slope 
95% confidence interval did not include 1, indicating 
the presence of a proportional bias. Figure 1b shows 
a Bland–Altman plot of the plasma glucose measured 
with the BioAnalyzer and the blood glucose measured 
with the glucometer (Bland and Altman, 1986). The 
concentrations measured using the glucometer were on 
average 0.53 points higher than the BioAnalyzer [3.99 
(range: 3.0–5.1) vs. 3.46 (range: 2.78–4.05) mmol/L]. 
The differences in glucose measurements between the 
2 methods are scattered evenly, which indicates an 
absolute systematic error, and most of the points fall 
around the mean difference (0.53 mmol/L), which indi-
cates good agreement. Only 2 points (3.8%) lie outside 
the 95% confidence limits. The generally higher results 
obtained with the Glucometer probably reflect glucose 
metabolism in the time between sampling and BioAna-
lyzer testing.
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In the laboratory, 40 mL of blood were transferred 
into three 50-mL polypropylene centrifuge tubes (Corn-
ing Life Sciences, Lowell, MA) and centrifuged at 
1,200 × g for 30 min to separate the plasma; 10 mL of 
plasma was harvested and frozen at −20°C for hormone 
and metabolite assays. Blood PMN were isolated as 
described previously (Roth and Kaeberle, 1981). After 
isolation, 107 PMN were frozen in duplicate for later 
glycogen determination using a micromodification of 
the method of Keppler and Decker (1974) as described 
previously (Weisdorf et al., 1982a). Briefly, glycogen 
was hydrolyzed to glucose using amyloglucosidase; 
available glucose was determined by reacting 50 μL of 
supernatant with a 1-mL mixture of 1 mM ATP, 0.9 
mM NADP, 5 μg of glucose-6-phosphate dehydrogenase 
(G6DP), 0.3 M triethanolamine, and 4 mM MgSO4 and 
recording the appearance of NADPH after the addition 
of 5 μL of hexokinase (2 mg/mL) as change in optical 
density at 340 nm on a spectrophotometer. This change 
in optical density was compared with a standard curve 
of glycogen assayed in similar fashion, and results were 
expressed as micrograms of glycogen/106 PMN.
Plasma concentrations of NEFA were analyzed by 
enzymatic analysis (NEFA-C kit, Wako Pure Chemical 
Industries, Osaka, Japan) using modifications described 
by McCutcheon and Bauman (1986) and Sechen et al. 
(1990). Plasma concentrations of BHBA were quanti-
fied (BHBA dehydrogenase) using a commercial kit 
(kit 310-UV, Sigma Chemical). All spectrophotometric 
measurements were conducted using a microplate read-
er (BioTek Instruments, model EL 340, Winooski, VT). 
In addition, plasma was analyzed for concentrations of 
estradiol and cortisol by RIA using the Coat-A-Count 
estradiol and cortisol assay kits (Siemens Medical So-
lutions Diagnostics, Los Angeles, CA), respectively. 
Plasma concentrations of insulin we determined by RIA 
(Ehrhardt et al., 2001) using bovine insulin (Elanco 
Animal Health, Greenfield, IN) and glucagon (Linco 
RIA kit, Linco Research, St. Charles, MO) kits. Intra- 
and interassay coefficients of variation were 1.8 and 
2.6%, 5.1 and 6.7%, 6.1 and 9.6%, 3.0 and 9.8%, 5.6 
and 7.2%, and 6.5 and 8.1%, for NEFA, BHBA, estra-
diol, cortisol, insulin, and glucagon, respectively.
Evaluation of Uterine and Metabolic Diseases
Cows were evaluated daily for signs of metritis in the 
first 14 DIM. All uterine evaluations and samplings were 
performed by a single investigator (the first author). 
Metritis was characterized by the presence of watery, 
fetid vaginal discharge and rectal temperature ≥39.5°C. 
Cows having fetid vaginal discharge but no fever were 
not excluded from the study. Five cows had fetid vagi-
nal discharge but no fever; 3 were later diagnosed with 
subclinical endometritis (SCE) and 2 remained as con-
trols. Cows with clinical metritis received 2 boluses of 
aspirin (15.6 g of acetylsalicyclic acid/bolus; AgriLabs, 
St. Joseph, MO) until the fever improved or for a maxi-
mum of 3 d and ceftiofur hydrochloride for 5 consecu-
tive days at a dose of 2.2 mg/kg of BW (Excenel RTU 
EZ, ceftiofur hydrochloride sterile suspension, Pfizer 
Animal Health, New York, NY). Febrile or lethargic 
cows were checked for acetonuria (acetoacetic acid) as 
an indicator of ketosis using ketone strips (Ketostix, 
Bayer Health Care, Tarrytown, NY). Cows with moder-
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Figure 1. a) Passing–Bablok correlations for glucometer (AccuCheck 
Active, Roche Diagnostics, Indianapolis, IN) glucose and Bioanalyzer 
(BioAnalyzer model 7100, YSI-Life Sciences, Yellow Springs, OH) glu-
cose concentrations. Scatter diagram with the regression line (solid 
line), the confidence interval for the regression line (dotted lines), and 
identity line (x = y; dashed line). b) Bland–Altman plot showing the 
average of glucose concentration measured by the portable glucometer 
and by the BioAnalyzer (x-axis) plotted against the difference in glu-
cose concentration measured by the portable glucometer and by the 
BioAnalyzer (y-axis). Relative differences between glucometer glucose 
and Bioanalyzer glucose concentrations are plotted against the mean 
concentrations determined by both methods. The mean differences are 
shown by a solid line, and the 95% limits of agreement are displayed 
by dotted lines. 
ate or high ketones were treated with 500 mL of 50% 
dextrose intravenously (AgriLabs) until urine ketones 
were lowered. Blood sampling was performed before 
treatment administration. At 42 DIM, a low-volume 
uterine lavage was performed on all cows for diagnosis 
of subclinical endometritis based on the proportion of 
PMN out of a total of 200 cells, including all leukocyte 
types and epithelial cells but excluding erythrocytes, as 
described previously (Gilbert et al., 2005). Based on a 
larger experiment (Cheong et al., 2008) and consistent 
with current recommendations (Sheldon et al., 2006) 
the proportion of PMN that classified cows as having 
subclinical endometritis was ≥10%.
Statistical Analyses
This was an observational cohort study. Two out of 
the 38 primiparous and 2 out of the 46 multiparous 
cows enrolled in the study were culled before the end 
of the observation period and excluded from the analy-
sis. One of the primiparous cows was culled because of 
low milk yield after surgical correction of left-displaced 
abomasum and the other because of herpesviral teat 
lesions. The multiparous cows were culled because of 
severe lameness. Two cows that had retention of fetal 
membranes (1 primiparous and 1 multiparous) were 
not excluded. Therefore, 80 cows (36 primiparous and 
44 multiparous) were used for the final analysis of the 
association between uterine disease and the outcomes 
of interest. The cows were classified into 3 categories: 
1) cows that developed metritis in the first 14 DIM; 
2) cows that did not develop metritis and were diag-
nosed with subclinical endometritis at 42 DIM; and 
3) healthy control cows. Continuous outcomes such as 
PMN glycogen concentration, hormones, and metabo-
lites were analyzed by ANOVA for repeated measures 
using the MIXED procedure of SAS (version 9.1; SAS 
Inst. Inc., Cary, NC). Each outcome was analyzed in 
separate models over the whole experimental period. 
Models included the effects of uterine disease, parity 
(primiparous vs. multiparous), mean BCS (<2.75 vs. 
≥2.75), time (day of blood collection: 0, 7, 14, 21, 28, 
35, and 42), and interactions between uterine disease 
and other covariates. Uterine disease and parity were 
forced into the models, but other covariates were manu-
ally removed if P > 0.15. Because data were collected 
longitudinally, data points were correlated within each 
cow; therefore, cow was included in the analysis as a 
random effect. Because all the outcomes evaluated 
were biological samples collected at regular intervals, 
a first-order autoregressive covariance structure was 
used. When either an effect of metritis or subclinical 
endometritis or an interaction between metritis or sub-
clinical endometritis and time was observed, post-hoc 
multiple comparisons were performed using the Bonfer-
roni adjustments in SAS.
Evaluation of normality of the residuals was performed 
in Minitab (version 15, Minitab Inc., State College, PA) 
by inspection of standardized residuals plotted against 
predicted values for the residuals using the regression 
option in Minitab. Residuals fit to a normal distribu-
tion were also evaluated. Standardized residuals for gly-
cogen, glucose, and glucagon were found to be normally 
distributed; however, raw data for haptoglobin, NEFA, 
BHBA, cortisol, and insulin were transformed to their 
base-10 logarithm to achieve normality. After statistical 
analysis, transformed data were back-transformed to 
report least squares means. Normality was not achieved 
for estradiol data; therefore, it was analyzed nonpara-
metrically using the Kruskal-Wallis test in Minitab. 
Proportions were compared by chi-square analysis us-
ing Minitab. Evaluation of agreement between glucose 
measurements obtained with the BioAnalyzer and the 
glucometer, including construction of Passing–Bablok 
and Bland–Altman plots, were performed using Med-
Calc (version 9.2, MedCalc Software, Mariakerke, 
Belgium). Differences with P ≤ 0.05 were considered 
significant and 0.05 < P ≤ 0.10 were considered a ten-
dency. Interactions were considered to be significant 
when P ≤ 0.15.
RESULTS
Of the 80 cows used in the final analysis, 20 were di-
agnosed with metritis and classified as metritis for the 
statistical analysis; 23 were diagnosed with SCE but 
only 15 were classified as SCE for the statistical analy-
sis because 8 of them had metritis and therefore were 
classified as metritis; and 45 were not diagnosed with 
metritis or SCE and were classified as healthy controls. 
Although 8 out of 20 cows diagnosed with metritis were 
also diagnosed with SCE, cows that had metritis were 
not more likely to be diagnosed with SCE than cows 
that did not have metritis [40% (8/20) vs. 25% (15/60); 
P = 0.20]. However, in a larger experiment (779 cows 
evaluated), the difference observed here was confirmed 
and cows that had metritis were more likely to have 
SCE than cows that did not have metritis [39% (29/75) 
vs. 23% (164/704); P = 0.003; Cheong et al., 2008]. 
Incidence of metritis was similar between multiparous 
and primiparous cows [23% (10/44) vs. 28% (10/36); 
P = 0.60], but prevalence of SCE tended to be greater 
in multiparous cows compared with primiparous cows 
[36% (16/44) vs. 19% (7/36); P = 0.09]. Mean and 
median day of diagnosis of metritis was 7 DIM (range: 
3–12 DIM). Cows that had metritis were more likely 
to be diagnosed with clinical ketosis based on ketone 
strips compared with healthy cows [35% (7/20) vs. 2% 
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(1/45); P < 0.01; Fisher’s exact test] and tended to be 
more likely than cows that had SCE [35% (7/20) vs. 7% 
(1/15); P = 0.10]. Mean and median day of diagnosis of 
ketosis was 6 DIM (range: 2–10 DIM).
Figure 2 shows the plasma haptoglobin concentrations 
from calving until 21 DIM according to disease status. 
There was an interaction between uterine disease and 
time (P < 0.001) in which metritis cows had greater 
plasma haptoglobin concentration than SCE cows (P = 
0.005) or healthy cows (P < 0.001) at 7 DIM. The SCE 
cows had a slight increase in haptoglobin concentration 
at 7 DIM, but concentration was not different from 
healthy cows (P = 0.13). There was also a main effect 
of time (P < 0.001); plasma haptoglobin concentrations 
peaked at 7 DIM and then decreased sharply until 21 
DIM. No other variable affected plasma haptoglobin 
concentrations.
Figure 3a shows the plasma NEFA concentrations 
from calving until 42 DIM according to disease status. 
There was an interaction between uterine disease and 
time (P = 0.11) in which metritis cows tended to have 
greater NEFA concentrations at calving (P = 0.08) and 
at 35 DIM (P = 0.06) than healthy cows, whereas SCE 
cows had greater (P < 0.05) plasma NEFA concentra-
tions at calving and at 35 DIM than healthy cows. There 
were also main effects of parity (P = 0.02) and time (P 
< 0.001) on plasma NEFA concentrations. Primiparous 
cows had greater NEFA concentration compared with 
multiparous cows (mean ± SEM: 302.1 ± 21.1 vs. 240.5 
± 14.6 μEq/L). Plasma NEFA concentrations were 
greatest at calving and at 7 DIM and then decreased 
steadily from 7 DIM until 42 DIM. No other variable 
affected plasma NEFA concentrations.
Figure 3b shows plasma BHBA concentrations from 
calving until 42 DIM according to disease status. There 
was an interaction between uterine disease and time (P 
= 0.12) in which metritis cows had greater (P = 0.03) 
BHBA concentrations on the day of calving compared 
with healthy cows, whereas SCE cows tended to have 
greater BHBA concentrations at 7 (P = 0.10) and 14 
(P = 0.07) DIM compared with healthy cows. There 
was an effect of time (P = 0.05) in which plasma BHBA 
concentrations peaked at 7 DIM, then decreased from 7 
DIM to 14 DIM, and remained constant until 42 DIM. 
No other variable affected plasma BHBA concentra-
tions.
Figure 4 shows the blood PMN glycogen concentra-
tions from calving until 42 DIM according to disease 
status. There was an interaction (P = 0.001) between 
uterine disease and time. Metritis cows had lesser (P = 
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Figure 2. Least squares means ± SEM for plasma haptoglobin 
concentrations for cows that developed metritis up to 14 DIM (▼), 
had subclinical endometritis at 42 DIM (), or remained healthy up 
to 42 DIM ().
Figure 3. Least squares means ± SEM for a) plasma NEFA and b) 
BHBA concentrations for cows that developed metritis up to 14 DIM 
(▼), had subclinical endometritis at 42 DIM (), or remained healthy 
up to 42 DIM ().
0.001) blood PMN glycogen concentration than SCE 
cows at calving and lesser than healthy cows at calv-
ing (P = 0.03) and at 7 (P = 0.10) and 42 DIM (P = 
0.05). The SCE cows had lesser blood PMN glycogen 
than healthy cows at 7 (P = 0.06), 28 (P = 0.01), and 
42 DIM (P = 0.02). There was also an effect of time 
(P < 0.001), and blood PMN glycogen concentrations 
decreased from calving until 14 DIM, then recovered 
to a level equivalent to that at calving by 42 DIM. No 
other variable affected PMN glycogen concentrations.
Figure 5 shows the blood glucose concentrations for 
primiparous (Figure 5a) and multiparous (Figure 5b) 
cows from calving until 42 DIM according to disease 
status. There was a 3-way interaction among uterine 
disease, parity, and time (P = 0.07) on blood glucose 
concentrations. Primiparous metritis cows had greater 
(P ≤ 0.05) glucose concentrations than primiparous 
SCE cows or healthy primiparous cows on the day of 
calving and at 14 DIM, and greater than SCE cows at 
42 DIM (Figure 5a), whereas multiparous metritis cows 
had lesser (P ≤ 0.05) blood glucose concentrations than 
multiparous SCE cows or healthy multiparous cows at 
28 and 42 DIM (Figure 5b). There was also a main 
effect of parity (P < 0.001) and time (P < 0.001). Over-
all, primiparous cows had greater (P < 0.001) blood 
glucose concentration than multiparous cows (3.89 ± 
0.05 vs. 3.51 ± 0.04 mmol/L). The effect of time (P 
< 0.001) showed that blood glucose concentrations 
decreased sharply from the day of calving to its low-
est value at 7 DIM and recovered from 7 to 42 DIM; 
however, blood glucose at 42 DIM was still lower than 
on the day of calving. No other variable affected blood 
glucose concentrations. Simple linear regression showed 
that PMN glycogen concentration was positively asso-
ciated with plasma glucose concentration (glycogen = 
−4.06 + 6.74 × glucose; P < 0.001); however, glucose 
explained only 5% (R2 = 0.05) of the variation in PMN 
glycogen concentration.
Figure 6 shows the plasma cortisol concentrations 
from calving until 21 DIM according to disease status. 
There was an interaction between uterine disease and 
time (P = 0.14) on plasma cortisol concentrations, 
which showed that metritis cows had greater (P = 
0.04) plasma concentration of cortisol than SCE cows 
at calving and had lower (P = 0.03) cortisol concentra-
tion than healthy cows at 14 DIM. There was also a 
tendency for an effect of parity (P = 0.06) in which 
primiparous cows had higher plasma cortisol concentra-
tion than multiparous cows (25.4 ± 2.4 vs. 20.3 ± 1.5 
nmol/L). Simple linear regression showed that plasma 
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Figure 4. Least squares means ± SEM for blood neutrophil (PMN) 
glycogen concentrations for cows that developed metritis up to 14 DIM 
(▼), had subclinical endometritis at 42 DIM (), or remained healthy 
up to 42 DIM ().
Figure 5. Least squares means ± SEM for blood glucose concen-
trations for a) primiparous cows and b) multiparous cows that devel-
oped metritis up to 14 DIM (▼), had subclinical endometritis at 42 
DIM (), or remained healthy up to 42 DIM ().
glucose was positively associated with plasma cortisol 
(glucose = 3.45 + 0.0074 × cortisol; P < 0.001; R2 = 
0.06); however, plasma cortisol concentration explained 
only 6% of the variation in plasma glucose concentra-
tion.
Figure 7 shows the weekly average for the daily milk 
yield for primiparous (Figure 7a) and multiparous (Fig-
ure 7b) cows from the week of calving (0–7 DIM) until 
the sixth week after calving (36– 42 DIM), according 
to disease status. There was a 3-way interaction among 
uterine disease, parity, and time (P < 0.001) on milk 
yield concentrations. Primiparous metritis cows had 
decreased (P < 0.10) average daily milk yield compared 
with primiparous SCE cows from the second (8–14 DIM) 
until the fourth (22–28 DIM) week of lactation and 
decreased (P < 0.10) milk yield compared with healthy 
primiparous cows on the third (15–21 DIM) and fourth 
(22–28 DIM) weeks of lactation. Milk yield did not dif-
fer (P > 0.20) between SCE and healthy primiparous 
cows at any time point. Weekly average milk yield was 
greater (P ≤ 0.05) for multiparous metritis cows than 
for multiparous SCE cows and healthy multiparous cows 
on the fifth (29–35 DIM) and sixth (36–42 DIM) weeks 
of lactation. Healthy multiparous cows also had greater 
(P ≤ 0.05) milk yield than multiparous SCE cows on 
the fifth and sixth weeks of lactation (Figure 7b). There 
was also a main effect of parity (P < 0.001) and time 
(P < 0.001). Overall, primiparous cows had lesser (P < 
0.001) milk yield than multiparous cows (29.2 ± 0.9 vs. 
39.0 ± 0.8 kg/d). The effect of time (P < 0.001) showed 
that milk yield increased sharply from the first 7 DIM 
until 28 DIM and then reached a plateau until 42 DIM. 
Simple linear regression showed that plasma glucose 
was negatively associated with milk yield (glucose = 
4.03 − 0.0125 × milk; P < 0.001; R2 = 0.08); however, 
milk yield explained only 8% of the variation in plasma 
glucose concentration.
Figure 8 shows the plasma insulin concentrations for 
primiparous (Figure 8a) and multiparous (Figure 8b) 
cows according to disease status up to 42 DIM. There 
was a 3-way interaction among uterine disease, par-
ity, and time (P = 0.02), which revealed that plasma 
insulin was lower for primiparous SCE cows compared 
with primiparous metritis cows (27.2 ± 8.3 vs. 66.0 
± 13.1 pmol/L; P = 0.01) at 42 DIM. There was also 
a main effect of time (P < 0.001) on plasma insulin 
concentrations. Plasma insulin concentrations were 
high on the day of calving, decreased to their lowest 
levels at 7 DIM, and increased from 7 DIM to the 
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Figure 6. Least squares means ± SEM for plasma cortisol con-
centrations for cows that developed metritis up to 14 DIM (▼), had 
subclinical endometritis at 42 DIM (), or remained healthy up to 42 
DIM ().
Figure 7. Least squares means ± SEM for weekly milk yield for 
a) primiparous cows and b) multiparous cows that developed metritis 
up to 14 DIM (▼), had subclinical endometritis at 42 DIM (), or 
remained healthy up to 42 DIM (). Milk yields are the daily average 
for the week, starting at calving.
levels at calving by 42 DIM. The decrease in insulin 
concentrations between d 0 and 7 was more accentu-
ated for primiparous cows than for multiparous cows. 
However, after d 7, concentrations remained relatively 
constant for primiparous cows, whereas there was a 
steady increase in concentration for multiparous cows. 
Furthermore, multiparous cows with metritis had the 
lowest concentrations of insulin throughout, whereas 
the same was true for primiparous cows with SCE. No 
other variable affected plasma insulin concentrations. 
Simple linear regression showed that plasma insulin 
concentration was positively associated with plasma 
glucose concentration (insulin = −19.72 + 19.93 × glu-
cose; P < 0.001; R2 = 0.08); however, plasma glucose 
explained only 8% of the variation in plasma insulin 
concentration. There was no effect of uterine disease (P 
= 0.67) or interaction between uterine disease and time 
(P = 0.27) on glucose:insulin ratio. There was an effect 
of time (P = 0.01), which showed that glucose:insulin 
ratio was greater (P < 0.05) at 7 and 14 DIM than at 
the other time points.
Figure 9 shows the plasma glucagon concentrations 
according to disease status up to 42 DIM. The SCE 
cows had an overall greater (P = 0.04) plasma glucagon 
concentration than healthy cows and tended to have 
greater (P = 0.06) plasma glucagon than metritis cows. 
Plasma glucagon concentrations were similar (P = 0.96) 
among metritis cows and healthy cows. There was an 
interaction with time (P = 0.003), which revealed that 
most of the differences were on the day of calving and 
at 7, 28, and 35 DIM. There was also a main effect of 
parity (P < 0.001) and time (P < 0.001) on plasma 
glucagon concentrations. Multiparous cows had greater 
glucagon concentration than primiparous cows (109.3 ± 
3.4 vs. 91.7 ± 4.0 pg/mL). Plasma glucagon concentra-
tions were lowest on the day of calving, increased from 
calving until 28 DIM, and then decreased slightly until 
42 DIM. No other variable affected plasma glucagon 
concentrations. Simple linear regression showed that 
plasma glucagon concentration was negatively associ-
ated with plasma glucose concentration (glucagon = 
156.3 − 15.38 × glucose; P < 0.001; R2 = 0.08); how-
ever, plasma glucose explained only 8% of the variation 
in plasma glucagon concentration.
Plasma estradiol concentration on the day of calving 
was associated (P = 0.08) with uterine disease. Metritis 
cows had greater (P = 0.02) plasma estradiol concentra-
tion than healthy cows (median = 29.7 vs. 1.9 pmol/L); 
however, concentration in both groups was similar (P > 
0.38) to SCE cows (median = 24.0 pmol/L).
DISCUSSION
This study aimed to elucidate the link between nega-
tive energy balance and immunosuppression, which 
seems to be at the root of the problem of increased 
risk of infectious diseases around parturition (Goff and 
Horst, 1997). Therefore, we investigated cellular and 
metabolic parameters that could account for the de-
crease in PMN function in high-producing dairy cows 
and, more specifically, cows that develop uterine disease. 
Whereas metritis is an acute process caused by bacte-
rial contamination around calving and is characterized 
by fetid uterine discharge and fever (Bondurant, 1999; 
Sheldon and Dobson, 2004), SCE can be considered a 
chronic condition in which cows fail to clear bacterial 
contaminants completely (Gilbert et al., 2007). To eval-
uate the response to inflammation and to support our 
clinical diagnosis of metritis (Smith et al., 1998; Huzzey 
et al., 2009), we evaluated the acute phase protein hap-
toglobin. As reported previously, cows that developed 
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Figure 8. Least squares means ± SEM for plasma insulin concen-
trations for a) primiparous cows and b) multiparous cows that devel-
oped metritis up to 14 DIM (▼), had subclinical endometritis at 42 
DIM (), or remained healthy up to 42 DIM ().
metritis, which is an acute and more severe process, had 
increased haptoglobin levels around the time of metritis 
diagnosis (Skinner et al., 1991). Although SCE is usu-
ally diagnosed after 35 DIM (Gilbert et al., 2005), the 
slight increase in haptoglobin concentration at 7 DIM 
in cows that were later diagnosed with SCE indicates 
that a mild inflammatory process may be taking place 
early in lactation; however, haptoglobin concentrations 
were still similar to those of control cows, which agrees 
with Skinner et al. (1991).
Multiparous cows that developed metritis or SCE had 
decreased DMI and greater NEFA and BHBA plasma 
concentrations (Hammon et al., 2006). Our findings 
confirmed that cows that develop uterine disease ex-
perience a greater degree of negative energy balance in 
the first 2 wk of lactation. Nonetheless, our data con-
trasts with the results in the study by Hammon et al. 
(2006) where the differences persisted until the fourth 
week of lactation. Hammon et al. (2006) also observed 
that DMI was affected in cows that developed uterine 
disease until the fifth week of lactation; it is possible 
that, in our study, DMI for cows that developed uter-
ine disease was not so severely affected. Also, dextrose 
treatment of cows diagnosed with ketosis could have 
narrowed the differences between cows that developed 
metritis and healthy cows.
High-producing dairy cows (Kehrli et al., 1989; Gil-
bert et al., 1993; Goff and Horst, 1997; Mallard et al., 
1998) and especially cows that develop uterine disease 
(Cai et al., 1994; Kim et al., 2005; Hammon et al., 
2006) experience a reduction in neutrophil function 
such as chemotaxis, phagocytosis, and killing ability 
around calving. Several factors could account for the 
loss in PMN function, such as increases in blood es-
tradiol and cortisol concentrations around calving or 
deficit in nutrients and minerals such as vitamins A 
and E, calcium, and selenium (Goff and Horst, 1997; 
Kimura et al., 2006; Rutigliano et al., 2008). For this 
work, we focused on the immediate source of energy for 
PMN function such as glucose, especially its storage 
form glycogen (Weisdorf et al., 1982a; Kim et al., 2006). 
We also evaluated hormones such as estradiol, cortisol, 
insulin, and glucagon that could affect PMN function, 
or are involved in glucose homeostasis, or both. We 
observed that PMN glycogen concentration was greatly 
reduced in all cows from the first to the third week 
after calving, which could help to explain the overall 
decrease in PMN function. Importantly, cows that de-
veloped uterine disease had decreased PMN glycogen 
levels around calving and later in lactation, which could 
compromise PMN response to bacterial contamination. 
Most cows are infected around calving (Sheldon and 
Dobson, 2004); therefore, prompt and effective PMN 
response after infection is critical for bacterial clear-
ance and prevention of disease. In fact, data from our 
laboratory indicate that cows with the greatest influx 
of PMN to the uterus on the day of calving have the 
lowest rates of positive bacterial culture and prevalence 
of SCE later on (Gilbert et al., 2007). Blood glucose 
concentration was positively associated with PMN 
glycogen concentration; therefore, it seems plausible 
that glucose deficiency could lead to a decrease in 
PMN glycogen. It is important to note that circulating 
glucose concentration starts to decrease before calving 
(Vazquez-Añon et al., 1994); therefore, intracellular 
glycogen reserves in neutrophils may be more reflective 
of prepartum glucose concentration than contemporary 
glucose status. Blood glucose concentration at calving 
was greater in cows that developed metritis, mainly 
because of greater levels around calving in primiparous 
cows. Nevertheless, low blood glucose concentration 
preceded low PMN glycogen concentration in all groups 
during the study; therefore, lower PMN glycogen on the 
day of calving could have been caused by lower glucose 
before calving (Vazquez-Añon et al., 1994). Greater 
glucose levels around calving could have been caused 
by an increase in cortisol levels, which would induce 
gluconeogenesis in the liver. Furthermore, exposure to 
high levels of cortisol could exacerbate the state of im-
munosuppression (Roth and Kaeberle, 1982). Indeed, 
we did observe greater cortisol levels at calving in cows 
that developed metritis compared with cows that had 
SCE; however, concentrations were not different from 
healthy cows. Cortisol levels were decreased at 14 DIM 
for cows that developed metritis compared with healthy 
cows, which might be a consequence of the disease be-
cause metritis occurred before 14 DIM. Greater corti-
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Figure 9. Least squares means ± SEM for plasma glucagon con-
centrations for cows that developed metritis up to 14 DIM (▼), had 
subclinical endometritis at 42 DIM (), or remained healthy up to 42 
DIM ().
sol concentrations in primiparous cows were expected 
because these cows experience stressful events such as 
frequent pen moves, more interactions with the herd 
personnel, calving itself, and milking for the first time. 
Greater cortisol concentrations in primiparous cows 
could contribute to the overall higher metritis incidence 
observed in primiparous cows (Goshen and Shpigel, 
2006). Although glucose is an important energy source 
for leukocytes (Weisdorf et al., 1982a,b; Ohtsuka et al., 
2006), acute hyperglycemia, as is observed around calv-
ing, impairs leukocyte function and increases the risk 
for infection (Blondet and Beilman, 2007). Therefore, 
whereas low glucose shortly after calving might impair 
the ability of PMN to maintain intracellular glycogen 
and affect PMN function, high glucose at calving might 
also be detrimental.
Whereas cortisol is the main determinant of blood 
glucose levels at calving, glucose utilization for milk 
synthesis is the main factor affecting blood glucose con-
centrations shortly after calving (Vazquez-Añon et al., 
1994; Bell, 1995; Guo et al., 2008). Indeed, milk yield 
was negatively associated with blood glucose concen-
tration. Milk yield according to disease status followed 
a pattern opposite that for blood glucose concentration 
and may help to explain some of the differences ob-
served in glucose levels. Also, as observed for blood glu-
cose concentration, there were major differences in milk 
yield according to disease status between primiparous 
and multiparous cows. Milk yield is usually decreased 
for primiparous and multiparous cows that develop 
metritis (Rajala and Gröhn, 1998; Goshen and Shpigel, 
2006; Huzzey et al., 2007); however, some studies have 
reported no difference (Fourichon et al., 1999). Herein 
we observed decreased milk yield for primiparous metri-
tis cows, whereas multiparous metritis cows actually 
had increased milk yields. It is possible that increased 
genetic merit for milk production in multiparous cows 
that developed metritis accounted for the differences 
observed; however, this could be specific to the sample 
of the population used in our experiment and needs to 
be further investigated. Milk yields for cows that de-
velop SCE have not been reported previously. Whereas 
no difference was observed between SCE and healthy 
primiparous cows, SCE multiparous cows produced less 
milk than metritis and healthy multiparous cows. It is 
possible that other factors that affect milk yield, such 
as subclinical mastitis, ruminal acidosis, or lameness 
could be associated with SCE; therefore, further experi-
ments need to be conducted to confirm our findings.
During late gestation and early lactation, there is 
establishment of insulin resistance in peripheral tis-
sues (Bell and Bauman, 1997), which is caused by an 
increase in growth hormone (Bell and Bauman, 1997) 
and NEFA concentrations in the blood (Pires et al., 
2007). Therefore, greater NEFA concentrations in cows 
that developed uterine disease and in primiparous cows 
in general could have induced insulin resistance and 
accounted for the observed differences in glucose levels. 
Nonetheless, glucose:insulin ratio, an indicator of insu-
lin resistance, was not associated with uterine disease. 
Expectedly, glucose:insulin ratio was increased shortly 
after calving, indicating establishment of insulin resis-
tance in all cows in early lactation. Insulin followed 
a pattern very close to the glucose pattern. The only 
difference observed was lower plasma insulin concentra-
tion at 42 DIM for cows that had SCE. Accordingly, 
those cows also had decreased concentration of glucose 
at that time.
In combination with insulin, glucagon is responsible 
for glucose homeostasis and can affect neutrophil func-
tion (Petersen et al., 1978; Deitch and Bridges, 1987; 
Al-essa et al., 1993). Because of its role in promoting 
gluconeogenesis to maintain normoglycemia, plasma 
glucagon concentration was negatively associated with 
blood glucose concentration; as glucose decreased, glu-
cagon increased. Therefore, greater glucagon levels in 
multiparous cows were a consequence of lesser glucose 
in those cows. Cows that had SCE had greater glu-
cagon concentration than healthy cows or cows that 
developed metritis. Glucagon acts by binding to its re-
ceptor on PMN and activating phosphorylase A, which 
promotes glycogenolysis (Petersen et al., 1978; Al-essa 
et al., 1993). Glucagon impairs PMN chemotactic and 
bactericidal activity (Deitch and Bridges, 1987), which 
could be a predisposing factor for the development of 
SCE.
Last, plasma estradiol on the day of calving is also 
thought to contribute to the overall immunosuppres-
sion observed in dairy cows around calving (Goff and 
Horst, 1997; Wyle and Kent, 1977); indeed, we observed 
higher estradiol concentrations on the day of calving for 
cows that developed uterine disease. Nonetheless, only 
plasma estradiol concentrations for cows that developed 
metritis were different from healthy controls. Plasma es-
tradiol peaks right before calving and decreases quickly 
after calving (Radcliff et al., 2003), but we were still 
able to detect significant differences in cows that de-
veloped metritis. Therefore, estradiol might be involved 
in immunosuppression in cows that develop uterine 
disease and deserves further investigation. Although all 
samples were taken on the day of calving, the actual 
interval from calving varied, which could influence our 
results. These results should be interpreted with cau-
tion and viewed as preliminary.
Intuitively, metabolic parameters for cows with SCE 
might be expected to be intermediate between those for 
cows with metritis and healthy cows. This was not our 
observation in this study, suggesting that SCE is not 
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simply a milder form of uterine disease than puerperal 
metritis (or clinical endometritis), but rather has a dis-
tinct pathogenesis differing in its nature or its timing 
from other forms of postpartum uterine disease.
CONCLUSIONS
We confirmed that cows that develop uterine dis-
ease experience a greater degree of negative energy 
balance as indicated by greater levels of NEFA and 
BHBA around calving. All cows experienced a decrease 
in PMN glycogen concentration in the first 3 wk after 
calving, which could account for the overall immuno-
suppression observed at this time. Furthermore, cows 
that developed uterine disease underwent a greater 
depression of PMN glycogen concentration than cows 
that remained healthy. At this point it is not clear why 
cows that developed uterine disease had diminished 
PMN glycogen stores, but it seems that blood glucose 
is involved. Glucose was mainly related to cortisol lev-
els around calving and to milk yields later on. Greater 
cortisol levels in primiparous cows could contribute to 
their greater incidence of metritis; therefore, strate-
gies to decrease stress around calving may have the 
potential to decrease the incidence of metritis in this 
group. We were not able to find any association be-
tween uterine disease and plasma insulin. Glucagon, on 
the other hand, was increased in cows that developed 
SCE, which could impair their leukocyte function and 
predispose these cows to SCE. Greater plasma estradiol 
levels at calving in cows that developed metritis could 
be another contributing factor to their immunosuppres-
sion. Cows that developed metritis or SCE had several 
metabolic and hormonal changes that could account 
for their exacerbated immunosuppression, including 
greater degree of negative energy balance, failure to 
maintain neutrophil glycogen concentration, alteration 
in glucose homeostasis around calving, and increased 
concentrations of estradiol, cortisol, and glucagon.
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